have disjunct distributions in western Canada, making them a species of conservation concern. We assessed changes in the distribution of invasive species as factors influencing the distribution of brassy minnow and other native species by comparing historical and current distributions in the lower Fraser River in British Columbia. We tested effects of physical habitat parameters on local distributions of brassy minnow and for evidence of negative interactions between brassy minnow and invasive brown bullhead (Ameiurus nebulosus (Lesueur, 1819)). Comparison of contemporary and historical (1956 and 1959) fish distributions indicated significant declines in native cypriniform (minnows and suckers) species, including brassy minnow, but no change in the number of invasive species, although there was some faunal turnover. Logistic regression suggested that conductivity, turbidity, and water temperature were important predictors of brassy minnow presence. Appearances of adult-sized brown bullhead at one site corresponded with reduced abundance of native fishes. In growth experiments with brassy minnow, brown bullhead, and redside shiner (Richardsonius balteatus (Richardson, 1836)), brassy minnow exhibited mass loss and mortalities, suggesting that they were poor competitors. Our results contribute to a better understanding of abiotic and biotic factors affecting distribution and persistence of brassy minnow.
Introduction
Freshwater systems are among the most imperiled worldwide, although relatively little attention has been applied to them compared with marine and terrestrial systems until comparatively recently (Brooks et al. 2006; Dudgeon et al. 2006; Collier 2011) . The heightened focus on the biodiversity of freshwater results from a combination of its high diversity per unit area, the vulnerability of these relatively isolated habitats, and a growing desire to integrate conservation measures over terrestrial and aquatic landscapes (e.g., Collier 2011) . For instance, freshwater fishes comprise some 40% of global fish biodiversity within only 0.8% of the earth's surface area (Dudgeon et al. 2006 ).
One of the most diverse groups of North American fishes is the family Cyprinidae (carps and minnows), which generally consist of small-bodied omnivores that dominate the freshwaters of the Holarctic with about 2400 species worldwide (Nelson 2006) . Unfortunately, many cyprinid species are in decline throughout North America making them of conservation concern (Tonn and Magnuson 1982; Williams et al. 1989; Jackson et al. 1992; Fausch and Bestgen, 1997; Patton et al. 1998; Vander Zanden et al. 1999; MacRae and Jackson 2001; Jelks et al. 2008) . One group of particular conservation interest is the genus Hybognathus Agassiz, 1855 (the "silvery minnows"), which comprises seven species endemic to North America (Moyer et al. 2009 ). Local reductions and extinc-tions of Hybognathus species have been recorded in Colorado (Scheurer et al. 2003a (Scheurer et al. , 2003b , New Mexico (Dudley et al. 2003; Moyer et al. 2005; Hoagstrom et al. 2010a) , Tennessee (Etnier et al. 1979) , Alberta (Ripley 2001; Pollard 2003), and British Columbia (BC; McPhail 2007) . Many Hybognathus species can undergo population fluctuations because they are small in size, short-lived, and have high variance in yearly survivorship (reviewed in Winemiller 2005) . This effect can be pronounced when local populations are disjunct due to habitat fragmentation (Fraser et al. 1995 (Fraser et al. , 1999 Gilliam and Fraser 2001) , leading to a very high risk of local extinction (Caughley 1994; Scheurer et al. 2003a; Dodds et al. 2004; Winemiller 2005) .
One major threat to Hybognathus species is the introduction of invasive species, which can have profound negative impacts on native fish communities (Whittier et al. 1997; Gido and Brown 1999; Dextrase and Mandrak 2006; Bunnell and Zampella 2008) . Several historical comparisons of fish species assemblages throughout North America suggest that where invasive species populations are increasing, many native cyprinid populations are in decline (Williams et al. 1989; Reinthal and Stiassny, 1991; Kamerath et al. 2008) , including Hybognathus species (Hoagstrom et al. 2007; Gido et al. 2010) . Frequently, these invasive species are predators of, or competitors with, small fishes or act as vectors for disease introduction (Ricciardi and Rasmussen 1999; Findlay et al. 2000; Moyer et al. 2005; Dextrase and Mandrak 2006; Hoagstrom et al. 2010b ) that can cause significant population declines in Hybognathus species that may result in local extirpation (e.g., Ripley 2001; Alò and Turner 2005; McPhail 2007) .
Brassy minnow (Hybognathus hankinsoni Hubbs, 1929) are widely distributed throughout North America across the Great Plains of the United States of America (USA) and Canada, with some extending into central and southern BC (Scott and Crossman 1973; Lee et al. 1980; Fig. 1a) . Populations of brassy minnow that occur in the western Canadian provinces of Alberta and BC, however, are disjunct, patchy, and isolated (Keenleyside 1954 ). This unusual distribution has been suggested to be caused by these populations occurring at the western edge of postglacial colonization (Rempel and Smith 1998; McPhail 2007; Fig. 1a) . Within BC, the two main areas where brassy minnow populations are concentrated are separated by about 800 km: near the drainage divide between the Fraser and Peace rivers systems in the central interior of BC and in the lower Fraser River Valley near Vancouver, BC (Fig. 1a; McPhail 2007; Nowosad 2011) .
Owing to the isolated and potentially fragmented populations of brassy minnow within the heavily altered landscape (e.g., agricultural developments, drainage, channelization) of the lower Fraser River Valley (Richardson et al. 2000) , and because of the presence of several invasive species in this region (Taylor 2004 (Taylor , 2010 , we conducted a field and laboratory study to (i) determine if the presence of brassy minnow and other native species had changed since historical times and if such changes were associated with changes in the incidence and distribution of invasive species; (ii) examine potential associations between habitat variables and brassy minnow presence; and (iii) examine the potential for deleterious effects on growth of brassy minnow in the presence of a common invasive species, the brown bullhead (Ameiurus nebulosus (Lesueur, 1819)). Overall, we hoped to better document the distribution of brassy minnow and invasive species in the lower Fraser River Valley to help understand factors that may influence the persistence of native fishes.
Materials and methods

Historical and contemporary species distributions
To assess the degree of change of species composition, and of brassy minnow in particular, in the lower Fraser River area, the University of British Columbia (UBC) Fish Museum Collection (available from http://www.beatymuseum.ubc.ca/collections/fish) was searched to find all historical records of brassy minnow in the lower Fraser River Valley (Nowosad 2011; Fig. 1b) . To minimize sampling method and effort differences, we resampled these historical locations (n = 8) in 2008-2009 using the same gear and effort (i.e., beach seining, five passes) and in the same months (because fish assemblages can be seasonal) as used in the earliest historical sampling in 1956 and 1959 (Patton et al. 1998; Porter et al. 2000) . For each historical and contemporary sample locality, we recorded the presence of all aquatic vertebrate species collected. Similar comparative methods have been used to examine fish community changes between modern and historical times (e.g., Anderson et al. 1995) and to identify species reductions (Williams et al. 1989; Reinthal and Stiassny 1991) and extirpations (Kattan et al. 1994; Drayton and Primack 1996) .
To better understand the current distribution of brassy minnow within the lower Fraser River, we sampled additional locations both within the historical tributaries where brassy minnow had previously been found (n = 34) and in other tributaries where brassy minnow had not been previously recorded in (n = 18, for a total n = 60 localities, each location sampled 12 times through [2008] [2009] ). These localities were chosen to include a variety of habitats including lakes, rivers with different flow levels, creeks, and backwater sloughs and ditches. All localities were sampled using minnow traps (an efficient sampling method for detecting small fishes in shallow waters; Jackson and Harvey 1997) for 1 year from June 2008 to June 2009, and all sampled fishes were counted and identified to species. We supplemented our minnow trapping with beach or pole seining and noted several qualitative habitat features (i.e., cover, macrophyte presence-absence, and substrate) at each locality (supplementary Table S1 ). 1 We recorded the number of brassy minnow per sample site per month for the lower Fraser River Valley. To obtain estimates of the mean brassy minnow density per site (), and an estimate for the probability of detecting brassy minnow (r), we used these counts through time in a Royle N -Mixture Model (Royle 2004 ) using PRESENCE version 4.3 (Hines 2006) under the assumptions that the sampled localities are independent from one another and are demographically closed (Royle 2004 ).
Influence of habitat variables on brassy minnow distribution
Habitat attributes were measured for 37 of the lower Fraser River Valley sampling locations over 2 days in August of 2009. Water velocity, pH, conductivity, turbidity, temperature, and mean water depth were measured within 2 m of trap sites. Water velocity was measured in the fastest moving water at 60% depth with a Marsh-McBirney Flo-Mate model 2000. Conductivity and pH were measured at each trap location using a Hoskin Scientific 340i probe that was recalibrated after approximately every third location. Turbidity was measured using a LaMotte 2020e meter. Water temperature was measured at each locality were the minnow traps were set and the mean water temperature over the 12 month period was used for our analysis.
Local effects of invasive species on brassy minnow
To examine the potential effects of one invasive species, the brown bullhead, on the seasonal distribution and size compositions of brassy minnow and other native fishes present, we more closely examined one location at Tamboline Slough, Westham Island (Fig. 1b) , where a short (5 m) culvert separates the slough, forming two pools. We studied brown bullhead owing to its local abundance on Westham Island, and because brown bullhead are well-known predators on fish and fish eggs (Barnes and Hicks 1990; Declerck et al. 2002) and have caused at least one local extinction of a native fish in BC (Hatfield 2001) . In addition, although the distributions of brown bullhead and brassy minnow overlap broadly east of the continental divide (Scott and Crossman 1973) , Fraser River brassy minnow have evolved in isolation from brown bullhead since the former recolonized the area postglacially and until the latter became invasive in the Fraser River area sometime in the mid-1900s. We sampled the two pools at Tamboline Slough by pole seine from July to early September on four occasions for approximately 2 h at a time, or until no fishes were caught in the seining pass. In addition, seining was conducted in transects and all fish species were identified, counted, and categorized according to four size classes: >25, 25-50, 50-75, and <75 mm standard length (SL).
To test whether the observed brassy minnow habitat shifts out of the northeast pool of Tamboline Slough in August was due to changing abiotic conditions or due to seasonal influxes of adult (i.e., >100 mm) brown bullhead, we constructed two 60 cm × 45 cm × 45 cm cages out of 6.35 mm (mesh size) hardware cloth fastened together with tie-wire and bar lock ties (zap straps) to transplant brassy minnow back into the pool that they had vacated. These cages served to protect brassy minnow from interactions with adult brown bullhead while we observed whether the abiotic conditions of the northeast pool affected brassy minnow survival. We caught 20 brassy minnow in the southwest pool of Tamboline Slough (where no large brown bullhead were found) and added 10 brassy minnow per cage to transplant into the northeast side of the slough (where large brown bullhead were present). One cage was placed at a depth of 76 cm and the other at 88 cm. Cages were monitored for brassy minnow survival twice per month for 2 months (August-September 2009).
Laboratory growth experiment
To test the hypothesis that invasive brown bullhead limit growth in native species, we conducted a laboratory growth experiment using brassy minnow and redside shiners (Richardsonius balteatus (Richardson, 1836) ) and brown bullhead in various combinations of sympatry and allopatry. We used all three of these species in the growth experiment because they co-occurred and were the most numerically dominant members of the Tamboline Slough community at Westham Island in August. Also, by comparing growth of brassy minnow in the presence and absence of redside shiner, we could gain an understanding how potential effects of invasive species such as the brown bullhead compare with those already present during interactions between native species. We obtained 70 individuals each of brassy minnow, red- (1) Coquitlam River, (2) Pitt-Alouette rivers, (3) Stave River, (4) Hatzic Lake and sloughs, (5) Nicomen Slough, (6) Sumas River, (7) Vedder Canal, (8) Richmond, (9) Ladner, (10) Westham Island, (11) Delta, (12) Deer Lake, (13) Burnaby Lake-Brunette River. Black dots represent tributaries where brassy minnow were found in historical times but not in the current study; grey dots represent tributaries where brassy minnow were found in both historical and current sampling; and white dots represent tributaries where brassy minnow were found only in the current study.
side shiner, and young-of-year (YOY) brown bullhead from Tamboline Slough for our growth experiment. All fishes were acclimated for a minimum of 21 days within an environmental chamber at a temperature of 14°C (i.e., the temperature of Tamboline Slough at the time of collection), with a 10 h light : 14 h dark photoperiod. To reduce confounding variables, aquaria sections were blocked and treatments were randomly assigned using a random number generator in JMP version 10.0 (SAS Institute Inc., Cary, North Carolina, USA; available from http://www.jmp.com/ software/jmp10/, accessed 5 June 2012). Treatments were conducted within thirty-five 102 L aquaria with a variety of live macrophytes for food and cover (Nowosad 2011). As the cyprinid species are shoaling fishes (McPhail 2007) , all treatments consisted of three individuals of the same species per aquarium.
To identify effects of the other species on brassy minnow, we used biomass as the response variable in all seven potential test combinations: brassy minnow alone, redside shiner alone, brown bullhead alone, brassy minnow with redside shiner, brassy minnow with brown bullhead, redside shiner with brown bullhead, and all (i.e., brassy minnow with redside shiner and brown bullhead) with five replicates per treatment. Fishes were offered a variety of foods, including plant matter and algae, which are important components in these fishes' diets (Scott and Crossman 1973; Copes 1975; McPhail 2007) . We provided food six times per week, and the amount of food that we added was based on the biomass of each aquarium (i.e., approximately 30% of the tank's biomass in food per week). The biomass of each tank was measured at the beginning of the experiment and then monthly, with feeding proportions adjusted at this time. All research was conducted under UBC Animal Care permit A08-0645.
Statistical analyses
For our historical comparison analysis, we focused on the change in both the number of native fishes (including brassy minnow) and the number of invasive species present at the historical localities over time (i.e., in 1956 and 1959 versus 2008-2009 ). We used PAST version 2.00 (Hammer et al. 2001 ) to calculate nonparametric Wilcoxon paired sum rank tests (W) to examine if the median number of native and invasive species had changed over time at these locations. In addition, we calculated Whittaker's (1960) beta diversity (␤ w ) using PAST to examine possible changes in the diversity of native species since the historical sampling. Whittaker's beta diversity ranges from 0 to 1, with 0 indicating no change had occurred in the native species composition since the historical sampling and 1 indicating that all of the native species in the fish assemblage were different in the contemporary sampling compared with the historical sampling.
Habitat models based on logistic regression have been used to predict the presence or absence of fishes (e.g., Porter et al. 2000; Dauwalter and Rahel 2008) . These models require no assumptions of normality or equality of variances for the sample data, can accommodate any class of predictor variable, and can accommodate binary outcomes (i.e., presence = 1, absence = 0; Tabachnick and Fidell 1996) . Logistic regressions were performed in JMP version 10.0 using water velocity, pH, conductivity, turbidity, mean temperature, trap depth, mean native species count, and mean invasive species count as predictor variables. Although the presence of aquatic vegetation is positively correlated with brassy minnow presence (Quist et al. 2005) , all of our sampled locations had some aquatic vegetation present (supplementary Table S1 ), so this variable was not considered. Logistic regressions can be confounded if potential predictor variables are too highly intercorrelated (i.e., r > 0.70; Tabachnick and Fidell 1996) , consequently, we examined pairwise correlations and variance inflation factors (VIFs, with VIF > 3 as a cutoff) using JMP version 10.0 for each input parameter to determine the extent of intercorrelation between our input variables. For our habitat model selection, we used the Akaike's information criterion corrected for sample size (AIC c ) to select the most parsimonious models (Burnham and Anderson 2002) in JMP version 10.0. We also calculated the ⌬AIC c to compare between potential candidate models (Burnham and Anderson 2002) . Models other than that with the lowest AIC are considered substantially supported if ⌬AIC c values are between 0 and 2, less supported if values are between 4 and 7, and have no support if values are greater than 10 ( Burnham and Anderson 2002) . Therefore, we reported the model with the lowest AIC and all other models with ⌬AIC c less than 7. Additionally, we calculated Akaike weights ( i ) as a measure of the relative probability of each of the top models relative to each other and the global model.
We performed a detrended correspondence analysis (DCA) in PAST using species counts per location to determine if any invasive species could be found regularly with brassy minnow. DCAs are used to examine species clustering across environmental gradients and space (Hill and Gauch 1980) and have been used to examine species relationships in freshwater communities (Bunnell and Zampella 2008) . We assumed that species that clustered most closely with brassy minnow should co-occur and potentially interact with brassy minnow more so than those that clustered farther away. We conducted a 2 analysis using JMP version 10.0 to identify potential differences in the size-class structure of the fish species sampled between the two Tamboline Slough pools. Many of the expected values (i.e., greater than 25% of the data), however, were below five individuals per category (data not shown); consequently, these data were pooled into two sizes classes: fishes under 50 mm SL and those above 50 mm SL.
In our growth experiment, we measured the change in fishes' masses monthly over a total of 92 days. Individuals were identified using fin clips to different portions of the caudal fin. Fishes that died during the experiment were replaced to keep group numbers and tank densities consistent, but were not marked or subsequently included in the growth analysis. We conducted nonparametric Kruskal-Wallis tests (H) in JMP version 10.0 because our growth data violated assumptions required for ANOVAs (i.e., data was not normal and variances were unequal; Whitlock and Schluter 2008) . We used the difference in individual species' growth over the 92 day trial (i.e., mass at day 92 − mass at day 1) as our response variable, and the mean species' mass per tank was used as the individual replicate (i.e., n = 5 tanks per treatment).
Results
Historical and contemporary fish species composition
Only two of the eight historically sampled localities also had brassy minnow when resampled monthly between 2008 and 2009, but the difference was not significant (W = 25, p = 0.36, n = 8). By contrast, when considering all native species (including brassy minnow), there was a large reduction in the number of locations where native fishes were observed in the contemporary resampling compared with historical sampling (W = 36, p = 0.01, n = 8; Table 1 ). Overall, the median number of cypriniform species (minnows, dace, shiners, chub, and suckers) found across localities displayed a significant decline line between 1956 and 1959 and 2008-2009 (W = 28 , n = 8, p = 0.018), whereas declines in other species (salmon or trout, sculpins, sticklebacks) did not (W = 15, p = 0.53, n = 8). For example, northern pikeminnow (Ptychocheilus oregonensis (Richardson, 1836) ) declined by 25%, redside shiners by 20%, largescale sucker (Catostomus macrocheilus Girard, 1856) by 17%, and peamouth chub (Mylocheilus caurinus (Richardson, 1856) ) by 14%. In fact, some species, such as largescale sucker and peamouth chub, were so rare in these areas that we encountered only three largescale sucker and seven peamouth chub over all our sampling throughout the entire lower Fraser River Valley (i.e., 37 512 trap hours and approximately 90 seine hauls). Additionally, there were strong interlocality differences in the diversity in na-tive cypriniform species in the contemporary sampling compared with the historical sampling, i.e., there was a significant increase in Whittaker's beta diversity among localities in the contemporary samples compared with the historical ones (contemporary 2008-2009 (Table 1) . Two new invasive species were recorded: the pumpkinseed sunfish (Lepomis gibbosus (L., 1758)) and smallmouth bass (Micropterus dolomieu Lacepède, 1802). Invasive species encountered historically within the lower Fraser River Valley were present at fewer locations during the contemporary sampling. For instance, the black bullhead (Ameiurus melas (Rafinesque, 1820)) was recorded historically, but not during our 2008-2009 surveys; the black crappie (Pomoxis nigromaculatus (Lesueur, 1829)) was found at two locations during the contemporary resampling and at three historically; brown bullhead were found at two contemporary locations, but at four historically. Overall, however, there was no significant change in the median counts of invasive species across localities between historical and contemporary times in the lower Fraser River Valley (invasive species: W = 11, n = 8, p = 0.916).
We also recorded three other invasive species across all localities (i.e., including some localities not sampled in 1956 and 1959) between 2008 and 2009: yellow bullhead (Ameiurus natalis (Lesueur, 1819)), largemouth bass (Micropterus salmoides (Lacepède, 1802)), and the American Bullfrog (Lithobates catesbeianus (Shaw, 1802)) (supplementary Table S2 ). Of all invasive species, the smallmouth and largemouth bass were caught at only two localities (Stave Slough and Hatzic Lake), and yellow bullhead were encountered only on Westham Island. By contrast, the pumpkinseed sunfish was found throughout the shallow, backwater tributaries where we sampled (e.g., Sumas River, still water areas of the Alouette and Stave rivers, Hatzic Lake, Nicomen Slough, and throughout the Fraser delta area).
Contemporary brassy minnow distribution
In the lower Fraser River Valley, brassy minnow were caught at 22 out of 60 localities (37% of those sampled) over the 12 months of sampling between 2008 and 2009 (supplementary Table S3 ), and brassy minnow were only infrequently encountered at the same location in successive months (supplementary Table S4 ). In fact, brassy minnow were only consistently found over the full sample period in the southern most areas of the Fraser River delta and were encountered for the least amount of time in the mid-reaches of the lower Fraser River near Sumas, BC. Moreover, only four sites within the lower Fraser River Valley exhibited significant and positive autocorrelations for brassy minnow presence, all in lower reaches in the delta area of the Fraser River Table S5 ). This apparent rarity was further reflected in our estimated mean population density of = 0.65 ± 0.14 brassy minnow per location (95% CI of 0.43-0.98 brassy minnow), and a low mean probability of detection r = 0.16 ± 0.03 (95% CI of detection 0.11-0.22).
Habitat variables, species composition, and contemporary brassy minnow presence
Brassy minnow were found at localities characterized by a wide range of habitat conditions, for example, values of pH ranged Table S6 ). All habitat variables used in our models displayed pairwise correlations under 0.70 (Nowosad 2011). In addition, the VIFs for each variable when considered simultaneously with the other variables were all below three (Nowosad 2011), well below the threshold of five considered to indicate statistically significant intercorrelation. Consequently, all variables were used in the construction of our logistic models (Tabachnick and Fidell 1996) . Although four logistic habitat models received some support (i.e., ⌬AIC c values were under five), the "best" model suggested that conductivity, turbidity, and mean water temperature were the most important parameters that predicted brassy minnow presence in the lower Fraser River Valley (Table 2 ). In fact, conductivity and turbidity were the only parameters that were present in all of the top four habitat models, whereas mean water temperature was present in three of the models (Table 2) . Water velocity was also found in three of the top four models, native species count in two, and dissolved oxygen in one (Table 2) . In all models, the presence of brassy minnow was associated with higher mean values of conductivity, turbidity, water temperature, and dissolved oxygen but lower mean values of water velocity and native species counts (Nowosad 2011). In the global model, the presence of brassy minnow was also associated with low pH, shallow water depth, and low invasive species counts (Nowosad 2011).
Our DCA suggested that brassy minnow frequently co-occur in tributaries with American Bullfrogs and brown bullhead more so than with other species, as they clustered most closely with these two invasive species (Fig. 2) . In fact, overall brown bullhead and American Bullfrogs were the two most frequently encountered invasive species, at 22% of the total individual species catches for the duration of the study (at 11% each). Both of these species along with brassy minnow were dominant members of the backwater slough communities in lower portions of the Fraser River delta.
Body size, survival, and growth in field populations
In Tamboline Slough, Westham Island, we found that before the appearance of adult brown bullhead (i.e., over 100 mm SL), the abundance of native fishes over all size classes was similar between both pools. For instance, of 75 brassy minnow captured in July, 44% and 56% were captured in the northeast and southwest pool, respectively. For threespine stickleback (n = 53) and redside shiners (n = 28), the relative percentages captured in the northeast and southwest pools were 60% and 40% and 57% and 43%, respectively. In fact, the only difference in species composition between pools in July was that all of the juvenile brown bullhead sampled (n = 130) were found in the northeast pool. By contrast, after adult brown bullhead appeared in the northeast pool of Tamboline Slough in August (all 105 adults were sampled here), there was a reduction of native fishes, especially the smaller size classes (Fig. 3) . For instance, most of the brassy minnow (98% of 42 total) and threespine stickleback (70% of 33 total) were now found in the southwest pool (Fig. 3a) . Interestingly, redside shiners did not appear to shift their distribution as dramatically (i.e., 44% of the 42 redside shiners sampled remained in the northeast pool in August). In addition, in August, 84% of all native fish species less than 25 mm SL were in the southwest pool where we sampled no adult brown bullhead (Fig. 3a) , whereas 81% of fish species less than 25 mm SL present in the northeast pool were YOY brown bullhead (Fig. 3b) . The proportions of fishes under 50 and over 50 mm SL changed dramatically across these pools after the arrival of adult brown bullhead ( [1] 2 = 11.89, p = 0.001), with the northeast pool containing a much higher proportion of the larger size classes of fishes. Finally, 6 of the 10 brassy minnow introduced into the northeast pool (the pool with brown bullhead) within the deeper-set cage survived over the 2 month monitoring period. In Fig. 4) , and generally gained the most mass in treatments where they were kept with the other two species. Post-hoc power analyses indicated that we had power of 0.32, 0.99, and 0.25 to reject the null hypothesis of no differences in growth among treatments for brassy minnow, redside shiner, and brown bullhead, respectively.
Brassy minnow were the only fish that died during the 90 day growth experiment; one brassy minnow died in the redside shiner treatments, four died in each of the brassy minnow with brown bullhead treatments and brassy minnow with redside shiner and brown bullhead treatments, respectively (supplementary Table S7). By contrast, none of the brassy minnow in the brassy minnow alone treatments died. Furthermore, brassy minnow were the only species to exhibit negative growth rates over the duration of our experiment, with a total of eight individuals losing mass. Specifically, treatments of brassy minnow with redside shiner had two individual brassy minnow that lost mass, while the treatments of brassy minnow with brown bullhead and brassy minnow with redside shiner and brown bullhead each had three individuals of brassy minnow that lost mass (supplementary Table A7 ). In a, treatments are as follows: Alone, brassy minnow alone; All, all three species: Redsides, brassy minnow plus redside shiner; Bullhead, brassy minnow plus brown bullhead. In b,treatments are as follows: Alone, redside shiner alone; All, all three species; Brassy, redside shiner plus brassy minnow; Bullhead, redside shiner plus brown bullhead. In c, treatments are as follows: Alone, brown bullhead alone; All, all three species; Brassy, brown bullhead plus brassy minnow; Redsides, brown bullhead plus redside shiner. Each treatment data point consists of the mean tank growth of three brassy minnow per tank (n = 5 tanks), and the boxes represent the upper (75%) and lower (25%) quartiles of the data. Our results suggest that the presence of brassy minnow (and other native cypriniform species) has declined across several tributaries within the lower Fraser River Valley, and this may reflect general population declines throughout the entire region, or more localized changes within certain tributaries. Richardson et al. (2000) also compared historical and contemporary fish distributions and found similar declines for some of the same species that we studied both in the Fraser River main stem and its adjacent tributaries, e.g., largescale sucker, but found that others remained abundant in the main stem, e.g., peamouth chub. This implies that some species declines are more likely widespread across this region, while the changes that we observed for others, such as the brassy minnow or the peamouth chub, may have resulted from habitat shifts to the main stem of the Fraser River.
There are several limitations inherent to historical comparative analyses. For example, we had no physical habitat measures to compare between sampled time periods because these were absent in the historical records, but we can examine more general changes throughout the lower Fraser River Valley. For instance, human development has increased since historical times throughout this region (Richardson et al. 2000; Taylor 2004 Taylor , 2010 , and this can contribute to native species declines via direct habitat loss (Haas 1999; Ricciardi and Rasmussen 1999; Dextrase and Mandrak 2006) . Additionally, many of the tributaries within this region transect farmland and these water bodies are frequently manipulated for agricultural purposes (Hall and Schreier 1996) . Therefore, it is likely that these water bodies are subject to high terrestrial nutrient inputs, such as fertilizers (Hall and Schreier 1996) and pesticides (Wan et al. 2006) , suggesting that water quality and eutrophication may be a factor in eliminating certain native species from these areas.
In addition to likely physical habitat changes, we found several invasive species within these habitats that could impact these native populations (Robinson and Tonn 1989; Chapleau et al. 1997; Whittier et al. 1997) , possibly leading to localized extinctions or habitat shifts (Power et al. 1985; Schlosser 1988; He and Kitchell 1990) . In fact, in a few areas (e.g., Hatzic Lake and the Stave River; Nowosad 2011), invasive species were so dominant that most native species were no longer present and only one, the prickly sculpin (Cottus asper Richardson, 1836) was encountered over our 12 month sampling period. We did not detect, however, a significant change in the total incidence of invasive species between historical and contemporary sampling, although there was some faunal turnover (e.g., apparent loss of black bullhead and gain of yellow bullhead and largemouth bass). In addition, while our habitat model suggested brassy minnow presence was associated with low invasive species counts, the effect was not statistically significant. Consequently, our analysis does not provide any compelling evidence that the decline in some native species through time could be attributed to any increase in the total incidence of invasive species between time periods. Still, it is possible that the presumably sustained presence of invasive species over the 52 years between sampling periods coupled with the potential increases in their local abundance could have contributed to the declines in brassy minnow and other native species that we observed. In addition, it is possible that the shift in species composition of invasive species between time periods could have contributed to declines in native species. For instance, most of these newly encountered invasive species are piscivores that can heavily influence native fish assemblages (Power et al. 1985; Whittier et al. 1997; Quist et al. 2004) . Fortunately, these species appear to have limited distributions for the time being. For instance, we found the smallmouth and largemouth bass only in the larger warm water lakes within this region. By contrast, the newly encountered pumpkinseed sunfish was found throughout the shallow, backwater tributaries where we sampled, suggesting that it has excellent dispersal capabilities or was introduced several times into different tributaries. Additionally, certain invasive species that were present in the historical sampling appear to have undergone range reductions, such as black crappie and brown bullhead, and one species (black bullhead) was not encountered at all. This suggests that not all invasive species introductions are successful and their persistence is not a certainty across all habitats. This also suggests that removal of invasive species, although difficult, may be more realistic if they are relatively isolated within a few tributaries.
Factors influencing brassy minnow distribution and abundance
Our habitat model results suggest that high water conductivity is a good predictor of brassy minnow presence. Conductivity may be a good predictor because primary productivity correlates positively and strongly with conductivity (Morgan and Good 1988) , and brassy minnow feed heavily on phytoplankton, diatoms, and algae which will be abundant in productive habitats (Copes 1975; Hlohowskyj et al. 1989; McPhail 2007) . This may help explain the abundance of brassy minnow in habitats suggestive of high productivity, i.e., those with abundant submerged vegetation (Quist et al. 2005) , lakes rich in humic acid (Nürnberg and Shaw 1999; McPhail 2007) , areas with high nutrient input from agriculture (Bunnell and Zampella 2008) , waterfowl (Manny et al. 1994; Nowosad 2011) , or marine influences (Cloern 1987) . More direct measures of primary productivity such as total dissolved phosphorous or chlorophyll levels (Dillon and Rigler 1974; Carlson 1977; Marshall and Peters 1989) are needed to disentangle the relative effects of conductivity and primary productivity on brassy minnow presence. It is possible, however, that the disjunct distribution of brassy minnow in BC may, in part, result from suboptimal conductivity or productivity aspects of water quality in middle reaches of the Fraser River. Our habitat model also suggests that some minimum level of turbidity may be an important determinant of brassy minnow presence possibly by offering some protection from visually based predators (Abrahams and Kattenfeld 1996; Reid et al. 1999) without reducing the feeding efficiency of brassy minnow given their morphological specializations for planktivory (Copes 1975; Hlohowskyj et al. 1989; Schmidt 1994; De Robertis et al. 2003) . Productivity would also be expected to increase in warmer water, which may help to explain why higher values for mean water temperature were also positively associated with the presence of brassy minnow. Furthermore, the positive association of brassy minnow presence with higher mean water temperature across the range of mean temperatures observed in our study (9-14°C) is consistent with the characterization of the silvery minnows as cool-warm water fish species (e.g., temperature preferences of 20-31°C; Coker et al. 2001) .
Interactions between brassy minnow and brown bullhead
Our DCA ordination suggests that brassy minnow most frequently co-occur with invasive brown bullhead, and are found within similar habitats because both species have high abundances within the tributaries associated with lowest reaches of the Fraser River. The interactions between these two species likely depend on the size or age of the brown bullhead involved. For instance, juvenile brown bullhead (i.e., 30-60 mm SL; the most common-sized specimens encountered in our study) feed predominantly on zooplankton and zoobenthic invertebrates (Scott and Crossman 1973; Declerck et al. 2002) and are potential competitors with brassy minnow (McPhail 2007) . Larger, adult brown bullhead (i.e., 100+ mm SL), however, incorporate algae and plant matter into their diet and, therefore, may be more significant competitors because these food items predominate in brassy minnow diets (Scott and Crossman 1973) . Moreover, large adult brown bullhead consume smaller fishes and fish eggs (Barnes and Hicks 1990; Declerck et al. 2002) , suggesting they could be a major predator of brassy minnow across all life stages. As brown bullhead are nocturnal predators that use olfaction to find prey (Pitcher 1993) , they may be unaffected by the poor water clarity in these areas when preying on brassy minnow.
The dramatic shifts in habitat use and fish size distribution of brassy minnow (and most other native species) across pools that we observed after the appearance of large brown bullhead, coupled with observations from other areas that brown bullhead are piscivorous and can limit prey fish populations (Barnes and Hicks 1990; Hatfield 2001; Declerck et al. 2002) supports the idea that these habitat shifts by brassy minnow represent predator avoidance behaviour (Power et al. 1985; Schlosser 1988; He and Kitchell 1990) . Furthermore, when the threat of brown bullhead predation was eliminated in our cage transplant studies, brassy minnow persisted in the pool with brown bullhead, suggesting the causes of habitat shift by brassy minnow are not related to suboptimal abiotic conditions (e.g., water temperature) and that co-existence could be promoted by suitable habitat complexity.
Despite relatively low statistical power from limited replication, our growth experiment suggested that brassy minnow were poor competitors compared with redside shiner and YOY brown bullhead, because over all our treatment combinations, the only brassy minnow individuals that did not exhibit mass loss or mortalities were those that were housed in "alone" treatments. Moreover, some individual brassy minnow lost mass in the treatments with redside shiner and brown bullhead, but brassy minnow mortalities occurred predominantly in treatments with brown bullhead. The dramatic shift in abundance of brassy minnow upon the appearance of adult brown bullhead at Tamboline Slough is consistent with their relatively poor performance of brassy minnow in the presence of brown bullhead in the laboratory experiments. Despite our offering a wide variety of plant-based foods, algae, and size ranges of invertebrates as food items, our study suggests that brassy minnow were outcompeted for food resources both by brown bullhead and redside shiner. Certain food items such as phytoplankton and diatoms that brassy minnow can exploit with specialized pharyngeal structures (Hlohowskyj et al. 1989) , however, were not added to the treatments. Inclusion of these food types may have given brassy minnow an exclusive resource base to exploit and therefore increased growth rates and allowed for less direct competition in treatments with other species.
In addition, our growth experiment suggests that redside shiners are good competitors because overall, they grew more than both brassy minnow and brown bullhead. This is further supported by the fact that redside shiners, unusually, grew the most in treatments where all species were present. The apparently high competitiveness of redside shiner in our study is consistent with studies from the interior of BC where redside shiners out competed juvenile rainbow trout (Oncorhynchus mykiss Walbaum, 1792) in warm-water lakes for zooplankton resources (Johannes and Larkin 1961) . We found redside shiners to be aggressive feeders that inhabited the uppermost regions of our experimental tanks appearing to learn cues associated with feeding time, and perhaps this gave them an advantage in detecting and consuming the food provided relative to the other species. In fact, housing redside shiners with the other species may have released them from intense intraspecific competition and help to explain the high growth rates during interspecific trials. Finally, our finding of redside shiners being relatively immune to effects of the invasive brown bullhead in our growth experiments is consistent with the field observation at Tamboline Slough that redside shiners did not show a dramatic shift in distribution between the two pools (compared with brassy minnow and threespine sticklebacks) upon the arrival of adult brown bullhead in the northeast pool in August.
Brown bullhead generally grew more than brassy minnow overall, but not as much as redside shiners. This result could be because brown bullhead are primarily nocturnal and use olfaction to locate food resources (Pitcher 1993) ; however, our feedings occurred during the day. Consequently, food search times may have been longer for brown bullhead than for the more visually oriented cyprinids, and this may have affected the growth of brown bullhead in the treatments that included the other species. Once brown bullhead detected food, however, they were aggressive feeders, and were even observed to attack nearby brassy minnow. Although none of the brown bullhead grew large enough to be considered predatory (i.e., the largest brown bullhead was 70 mm fork length at the end of our experiment), the vast majority of brassy minnow mortalities occurred in tanks containing brown bullhead. In addition, some of the brassy minnow that died in the brown bullhead treatments were partially consumed by the brown bullhead, and this may be a factor explaining that the highest growth observed for brown bullhead was in treatments containing brassy minnow.
Conservation implications
Our results have several implications for the conservation of brassy minnow across its range. First, analysis of environmental data suggests that conductivity is an important aspect of water quality and that protecting habitats in areas with high conductivity might be important for brassy minnow conservation. In addition, invasive fish species may be a particularly important threat to brassy minnow, and that the control and prevention of such species introductions are an important component of brassy minnow conservation. For example, removal of invasive brown bullhead would eliminate both a potential predator as well as a competitor at what is probably an important spawning and nursery site for brassy minnow (Westham Island area of the Fraser River delta). Finally, connectivity among habitats is likely an important factor in promoting brassy minnow persistence because access to different habitats with variable environmental conditions might provide forage fishes such as brassy minnow with areas of refuge from predatory and competitive species. Fragmentation of habitats via anthropogenic structures and ill-timed artificial water discharges or withdrawals may inhibit the rapid recolonization abilities of brassy minnow and may restrict access to important seasonal habitats such as overwintering, spawning, and predation refuge areas. Overall, the fact that our DCA results showed considerable overlap between brassy minnow and brown bullhead suggests that these two species may have compatible distributions. In contrast, the observations in Tamboline Slough and our growth experiment suggest that brown bullhead are one invasive species that can have detrimental effects on native species such as brassy minnow. The contrast between these observations suggests that if habitat complexity and interhabitat connectivity are maintained, they may provide a refuge from predation by and competition from invasive species and allow broad coexistence in the event of establishment of invasive species (e.g., Schlosser 1988; Gilliam and Fraser 2001) .
